ABSTRACT Most literature on the mechanical properties of Lithium-ion battery cells is concerned with the mechanical behavior of jellyroll or Lithium-ion battery when the state of charge (SOC) is 0%. Recent evidence shows that the mechanical properties of Lithium-ion batteries change as the SOC value changes. In this paper, several quasi-static mechanical tests on 18650 battery cells with various SOC values are performed to reveal the SOC-dependent mechanical and electrochemical failure behavior of Lithium-ion batteries. The SOC-dependent constitutive model of the jellyroll is proposed. Experimental results indicate that the ability of Lithium-ion batteries to resist deformation increase as the SOC value increases. An increase in the SOC value may facilitate thermal runaway after an internal short circuit. An explicit finite-element model of a Lithium-ion battery is established to validate the proposed approach. The simulation results of various loading cases are in good agreement with the corresponding experimental results. The established SOC-dependent finite-element model of a Lithium-ion battery may be beneficial to produce accurate simulations of an entire battery pack during operation.
I. INTRODUCTION
To address issues associated with the usage and even the depletion of non-renewable energy sources (e.g. fossil fuels), researchers worldwide are actively seeking alternate clean and renewable energy sources. As renewable energy storage devices, Lithium-ion battery cells have the highest energy and power densities when compared to other rechargeable batteries. Additionally, they have relatively low self-discharge rates (5% per month), are more environmentally friendly, and can also operate over a wider temperature range [1] - [4] . These obvious advantages make Lithium-ion battery cells a dominant energy source for many modern industrial products like portable electronic devices, hybrid electric vehicles, total electric vehicles and robots [6] - [10] . Many advanced applications often require battery cells with higher energy and power densities. The safety and reliability of Lithium-ion battery systems has become an increasingly important issue [11] , [12] .
A single Lithium-ion battery consists of a jellyroll and a shell casing, which is often made from a steel or aluminumthin sheet [13] . The jellyroll is composed of several identical single cells, and each single cell is composed of five layers: aluminum foil, anode, polymeric separator, cathode and copper foil. The anode and cathode are a mixture of active particles that are coated on the surface of the foil [14] . With the rapid popularization of electric vehicles (EVs) comes a higher likelihood of severe EV accidents. Lithium-ion batteries could subsequently suffer from the plastic deformation caused by foreign objects or intrusion/impact on the Lithiumion battery package during accidents. As the deformation continues, the cusps of the metal foils or the active particles may tear or puncture the separator. Once separator failure occurs, four types of negative-positive electrode contacts may trigger an internal short circuit, including contact between (a) the positive and negative active materials, (b) positive active material and negative current collectors, (c) negative active material and positive current collector, and/or (d) positive and negative current collectors [15] .
Due to the complexity and variety of automobile drive cycles, there are several requirements that lithium-ion battery cells must satisfy (e.g., electro-chemical, thermal and mechanical properties). However, less research is devoted to the mechanical behaviors of batteries compared with thermal management and electro-chemical properties. Pioneering research was carried out to study the mechanical properties of individual components of battery cells under different conditions. Mechanical properties and failure mechanisms of battery separators play an important role in possible internal short-circuit and long-term electrochemical degradation [16] - [20] . Zhang et al. [21] studied the mechanical performance and failure patterns of four types of commonly used battery separators under extreme mechanical loads, including two dry-processed polyethylene and tri-layer separators, a wet-processed ceramic-coated separator, and a nonwoven separator. Chen et al. [22] - [24] also investigated the high temperature mechanical properties, deformation behaviors and reliability of battery separators. Zhang and Tomasz [13] used some tests to determine the plastic and fracture properties of shell casings and adopted the Modified MohrCoulomb fracture model to predict crack initiation and propagation of shell casings. Additionally, some tests were used to investigate elastic and hardness properties of active particles under different SOC and to measure biaxial modulus of Si anode [25] .
In the battery cell level, the overall mechanical properties or failure mechanisms under different loading conditions were also investigated by several authors. Lai et al. [26] investigated the mechanical behaviors of Lithium-ion battery cells by conducting in-plane and out-of-plane compression tests of representative volume element (RVE) specimens of dry cells. Xu et al. [27] established an anisotropic homogeneous model to describe the mechanical properties of the jellyroll. The anisotropic homogeneous model was validated through compression, indentation, and bending tests during quasi-static loadings. Zhu et al. [28] explored the sequence of deformation and the underlying failure mechanisms of battery cells under axial compression. They determined that two failure mechanisms in the separator, at the top section of the cell, could explain the possible causes of the short circuit. Mehdi and Ilya [29] conducted compression tests on stacks of a jellyroll's individual layers and developed a heterogeneous finite model in LS-DYNA (commercial software) to investigate the lateral impact on cylindrical Lithium-ion battery cells. The model consisted of 22 million solid elements and was solved on a cluster using 192 cores, with a memory of 3 GB/core and with a 58 hr the solution time. Elham et al. [30] obtained the constitutive response of each component of the electrode stack and developed a micro-mechanical model. The model was subjected to various loading scenarios to understand the sequence of failure in multi-layer, multi-material structures of Lithium-ion battery cells.
In a previous paper, the authors found that the change of the thickness of the coating active particles will influence the mechanical properties of the jellyroll [31] . The lithium-ion battery cells used in most of the literature to research mechanical properties are discharged at a 0% state of charge (SOC) to avoid thermal runaway. The stress induced by Lithiation/delithiation inside the battery cells is relevant to both the SOC and state of health. They may be employed to monitor and evaluate the electrochemical status of the battery. The electrochemical status of battery cells may also influence their mechanical behaviors to some extent. Recent evidence has shown that the mechanical properties [25] and volume [32] 
II. EXPERIMENTAL PROGRAM ON BATTERY CELLS

A. EXPERIMENTAL PREPARATION
18650 Lithium-ion cells are used in this study due to their ease of use in the current study. The basic specifications of the batteries are detailed in Table 1 , including the physical and electrochemical parameters of the whole battery. Its small size indicates a small total compressive distance and corresponding small peak load, which allows the use of a WDW-100 10 T Universal Test Machine to perform the compressive test on the entire cell without the need to cut a specimen; see Fig. 1 (a) . Its small electric capacity will save time when charging/discharging the battery cells to various SOC values. Additionally, its small electric capacity is expected to decrease the severity of thermal runaway behaviors at the initiation of an internal short circuit during experiments. Meanwhile, a safety shield made of polymethyl methacrylate is placed within the boundary of the testing machine to provide necessary protection against possible fires and even explosions.
When 'foreign' Li-ions are inserted or removed from the host lattices of the active electrode materials during electrochemical cycling, significant dimensional and volume changes will be associated with variations in lattice parameters and transformations of crystalline/amorphous phases [4] . However, it should be noted that low C-rate charges/discharges is essential to obtaining pure Li-ion intercalation swelling because charging/discharging at a high C-rate is accompanied by thermal swelling [33] . The entire SOC range should be separated into three regions, as suggested by [34] , including a low SOC region (0-0.25 SOC) and a high SOC region (0.75-1 SOC). In this study, Lithiumion battery cells with 0, 0.2, 0.4, 0.5, 0.6, and 0.8 SOC values are chosen to research SOC-dependent mechanical behavior for safety reasons.
First, Lithium-ion battery cells should be charged to determine each cell's actual capacity. The charge procedure consists of a CC (constant current) step and a CV (constant voltage) step. The CC step is performed with 0.68 C, and the CV step is performed until the current rate dropped below 0.03 C. Although trivial, it is noteworthy that the Lithium-ion battery cells used in this study are charged in 0.2 C from 0 % SOC to 0.2, 0.4, 0.5, 0.6, and 0.8 SOC value respectively to obtain pure Lithium-ion intercalation swelling and decrease temperature influence. An Arbin BT-5HC cycler with 32 independent channels is used to perform the charge/discharge experiment; see Fig. 2 (a). The charge/discharge curve of Lithium-ion battery cells is shown in Fig. 2 (b) .
B. EXPERIMENTAL ANALYSIS AND OBSERVATION
These cylindrical cells with various SOC values are compressed between two flat steel plates at a quasi-static rate of 0.5 mm min −1 during the experiment. The applied load and plate displacement are measured during the experiments. Compressive experiments on battery cell at each SOC value are repeated at least three times to ensure the accuracy of the measured data. The measured load-displacement curves are shown in Fig. 3 . As depicted in [35] , these measured load-displacement curves can be fit well with a third order polynomial function; see Fig. 4 :
where C is constant and W is the vertical displacement of the plate. The corresponding value of coefficient C at each SOC value is listed in Table 2 .
As shown in Fig. 3 , the measured force increases gently in the early stages of the compression tests. The low response can be attributed to the porosity of the jellyroll components and the existing gaps between the shell casing and the jellyroll, within the innermost hollow rolling rod, and among jellyroll layers. This accounts for that the early stages of Lithium-ion battery cells at various SOC values were almost the same. As the deformation continues, densification of the jellyroll components will contribute to the significant increase in the measured force, and the structure of the jellyroll will subsequently become stiff. At this point, the compressive load is carried by the jellyroll. The experimental results indicate that the mechanical behaviors of Lithium-ion battery cells depend highly on SOC. Lithiumion battery cells exhibit mechanical hardening mechanisms with the increase in SOC values, as depicted in Fig. 3 . The number of Li + inserted into the graphite increases as the SOC value increases. Moreover, chemical bond formations between Li + and carbon may render the graphite structure stiffer. This process accounts for the mechanical hardening mechanisms from a nanoscale point of view.
During indentation experiments, three of the 14 test samples (0.5 SOC cells) and three of the 6 test samples (0.6 SOC cells) go through thermal runaway after the internal short circuit, including fires and even explosions, as shown in Fig. 1 (c) . None of the test samples below 0.5 SOC experience thermal runaway. This result indicates that the amount of energy release caused by mechanical damage from low-SOC cells is not large enough to trigger thermal runaway. Higher SOC cells release more energy after the internal short circuit, and they can easily trigger thermal runaway after the short circuit, which means that higher SOC cells will cause more serious results during crash accidents.
In a previous paper, 18650 Lithium-ion cells (3350 mAh) with a SOC = 0 are tested under compression conditions between two flat steel plates at a quasi-static rate of 0.5 mm·min −1 [31] . The measured load-displacement First, the main material of the shell of the 18650 cells is steel or aluminum. Constitutive behaviors of aluminum and steel can both be expressed by the Johnson-Cook model, which is expressed as σ = aε n + b (where σ is the plastic stress, ε is the plastic strain, n is the hardening exponent, and a and b are the parameters to fit); hence, they may share the same mechanical behavior form. Second, the major components of the jellyroll include a porous active particle coating. The deformation process of the jellyroll can be approximately considered as a compressive deformation process of the active particle coating, as described in [31] . The jellyroll may also share the same mechanical behavior, although the material compositions and the thickness of the anode, cathode, and separator may be different. Moreover, the coefficient C of another 18650 cells experimented in previous study with larger capacity is larger than the coefficient C of 18650 cells experimented in this study, as depicted in Fig. 5 . Although the two cells are different, this accounts for mechanical hardening mechanism that Lithium-ion battery cells exhibit with the increase in SOC values to some extent.
In [35] , the measured load-displacement curve with improved fitting accuracy is from the compressive test on the jellyroll sample. In this study, the total measured force comes from the contribution of the jellyroll, the shell casing and two end-caps. The good fit indicates that the contributions of the shell casing and end-caps are only a small percentage of the total reaction force. Therefore, the measured loaddisplacement curve can be treated as the mechanical response from the jellyroll.
Based on the careful observation of the deforming cells during tests, the following simplifications can be drawn:
• During deformation, the contacting area between cylindrical cell and steel plates is approximately flat all the time.
• The shape of cylindrical cell after deforming could be approximately considered as a flat contact area flanked by two semicircles.
• The total length of the cylindrical cell remains constant.
• The perimeter of shell casing remains approximately constant.
III. SOC DEPENDENT MECHANICAL PROPERTY OF JELLYROLL
The major mechanical components of Lithium-ion battery cells include the shell casing, the end-caps and the jellyroll. The structure of the shell casing and end-caps do not change as the SOC value changes. Thus, the SOC-dependence brought by the shell casing and the endcaps can be ruled out. As depicted in a previous paper [31] , most of the space inside the jellyroll is occupied by active particle coatings. The jellyroll deformation mainly takes place in areas with non-metallic porous particle coatings due to the relatively large Young's modulus of the current collector foils. The deformation process of the jellyroll can be approximately considered as a compressive deformation process of the active particle coatings. Additionally, changing the thickness of the active particle coating will influence the mechanical properties of the jellyroll. From another point of view, the electrochemical cycling can be visualized as the repeated insertion and removal of foreign ions (Li + ) into/from the host materials (active electrodes). When 'foreign' Lithium-ions are inserted or removed from the host lattices of the active electrode materials during electrochemical cycling, significant dimensional and volume changes become associated with variations in the lattice parameters and transformations of crystalline/amorphous phases [4] . For instance, graphite, the anode material used in almost all state-of-the-art Lithium-ion battery cells, undergoes approximate a 10% volume change in charge/discharge cycles. Silicon, a promising anode material for the future, undergoes volume change as high as approximately 400% [36] . The thickness of the active particle coatings will change with variations in lattice parameters and transformations of crystalline/amorphous phases during charge/discharge cycles.
The loading area of the cylindrical cell is approximately flat at all times during deformation, so the rectangular coordinate system (x, y, z) will be used to describe the geometry of the cell deformation, as shown in Fig. 6 . The loading undertaken by the cell is always a simple unidirectional (radial) compression during deformation, so the shear forces inside the cell are small and they can be ignored, τ xy = 0, τ yz = 0, τ zx = 0. The length of the cell in z direction is constant, ε z = 0 and according to the delamination of the layers in y direction in the semicircular zones [37] , σ y = 0. The average strain is:
where V is the volume of the deforming area. Because τ xy = 0, τ yz = 0, τ zx = 0 and ε z = 0, the strain rate tensor is:
Substituting Eq. (3) into Eq. (2), one gets:
where R is the original radius of the cylinder Lithium-ion battery cell, w is the vertical displacement of the pates. The average stress is:
Therefore:
where L is the length of cell in z direction, H is the crush load as a function of crush distance, and b is the contact width. As the simplified conditions mentioned above:
Substituting Eq. (1), (7) into Eq. (6), one gets:
After solving, the following equations could be obtained:
There is a linear relationship on the ln σ av − ln ε av plane. The constitutive model of the jellyroll can be expressed in the following form:
where σ and ε are the plastic stress and plastic strain of the jellyroll and A and B are constant and determined by Table 3 and the stress-strain relationship for each SOC value is described in Fig. 7 .
As depicted in Fig. 7 , the jellyroll's ability to resist deformation increases with the increase of SOC. When the battery cells at zero SOC are charged to various SOC values, the overall thickness of the active particle coatings will increase due to insertion and removal of Lithium-ions (Li + ) into/from the host materials (active electrodes). When the battery cells are charged from zero SOC to a given SOC value, the amount of Li + inserted or removed from the active electrode material during the chemical reaction could be regarded as constant. The thickness increase of the active particle coatings is a constant value at a given SOC and the jellyroll's ability to resist deformation increases in certainty with each thickness increase. Therefore, the SOC dependent constitutive model of the jellyroll could be expressed as:
where A 0 and B 0 are parameters at zero SOC and D(SOC) represents the jellyroll's increasing ability to resist deformation compared with zero SOC, which is the SOC function depending on the SOC value. Corresponding values of the SOC function D(SOC) at each SOC value are listed in Table 4 . Fig. 8 shows the relationship between the SOC function's value and the SOC value, which can be fit with a second-order polynomial function:
where a = 0.2659, and b = 0.2668. 
IV. MODELING OF BATTERY CELLS
The shell casing material of almost all state-of-the-art Lithium-ion battery cells is steel or aluminum. The shell casing is made to maintain the shape of the jellyroll and designed to provide the first level of thermal and mechanical protection to the jellyroll of Lithium-ion battery cells. Although the shell casing has higher material hardness than the jellyroll, the thickness of the shell casing is too thin to influence the peak load of Lithium-ion battery cells, as described in both [31] and [37] . In this study, the shell casing is ignored to establish a finite-element model. Anode, cathode and separator layers have very small thicknesses compared with the overall dimensions of the jellyroll. A full 3D finite-element model of the jellyroll leads to the following computational difficulties: (1) elements have high aspect ratios, and (2) small time steps result in very large solution times. In [29] , a heterogeneous finite element model of the jellyroll consisted of 22 million solid elements, was established in LS-DYNA and the model was solved on a cluster using 192 cores and a memory of 3 GB/core with a 58 hr solution time. They compared the results from the heterogeneous simulation with the results from the previous homogeneous simulations; these results are in a good agreement. In this study, the mechanical properties of the jellyroll are integrated into a homogenized representative volume element (RVE) for higher computational efficiency. The jellyroll is considered an isotropic material, and the deformation of the electrodes together with the separator is treated in a continuous way. The influence of the frictional slip between foils and the gap between layers is neglected.
An explicit 3D finite-element model of the cell is established by HyperWorks/LS-DYNA. The model of crushable foam (material type 63) is used to model the mechanical behavior of the jellyroll. The stress-strain curve based on the constitutive equation (Eq. 12) is used as the input to material type 63 in compression, and other parameters [38] are detailed in Table. 5. The finite-element model for the jellyroll is composed of 24,780 solid 1 mm-sized elements with one-point integration. The inner hole of the jellyroll is neglected in the simulation, as well as the discretization of the pole connectors on each end of the jellyroll. These parts have a small influence on the simulation results, but removing them can facilitate meshing, computational convergence, and efficiency.
V. VALIDATION AND DISCUSSION
The entire finite-element model of Lithium-ion battery cells is simulated in two load cases, under an indentation with a rigid rod of 12 mm in radius and compressed between two rigid planes. Simulations are run in parallel to compare with the corresponding experiments and to validate the SOC-dependent constitutive model of the jellyroll. During simulation, the bottom plane is fixed in all directions, and the top plane is moved at a prescribed constant speed. The compressing distance of the jellyroll is recorded using the displacement of the moving plane, and the applied load corresponds to the contact force between the plane and the jellyroll.
The voltage of Lithium-ion battery cells is a critical factor in their electrochemical behaviors. Electrochemical failure behaviors may be directly reflected by the start of voltage drop. The cell voltage is measured in situ by a FLUKE 2638A during the indentation experiments. Thus, the Voltage and Load vs. Displacement curves could be obtained, as shown in Fig. 9 (a) and (b) . The temperature is not monitored and measured in this study because the voltage can be detected in a faster and more accurate way during the initial short. During indentation experiments, three of the 6 test samples (0.6 SOC cells) go through thermal runaway after the internal short circuit, so test samples over 0.6 SOC are not compressed for safety reasons. Moreover, none of the test samples below 0.5 SOC experiences thermal runaway, so their corresponding curves are not presented in this paper.
During compression, the voltage first increases slightly, at approximately 0.5 mV, probably because a small amount of Li + may have been inserted to the graphite to change the electrode potential, as depicted in Fig. 9 (a) and (b) . The internal short circuit occurs simultaneously when the load reaches its peak value. After the short circuit, the downtrend of voltage is similar to the load, and the voltage drops to zero after a few seconds, as depicted in Fig. 9 (a) and (b) . Then, the cell temperature increases suddenly, and the released energy may trigger a thermal runaway. Once the cells undergo thermal runaway, the high cell surface-temperature may burn the external insulated rubber or the safety value may be shot like a bullet, as depicted in Fig. 1 (c) . Therefore, the bonding strength between the shell casing and safety valve should be strengthened to avoid explosion after thermal runaway. Those cells going to thermal runaway see a faster drop in both voltage and load. As depicted in Fig. 9 (b) , the load drops suddenly from 20732 N to 12267 N, and the voltage drops suddenly from 3.44829 V to 0 V when an explosion occurred.
All the predicted load-displacement curves closely follow the corresponding experiments, as shown in Fig. 9 and Fig. 10 . The peak force and its point of displacement correspond to the onset of internal short circuit. The relative errors in the peak force are detailed in Table 6 . All predicted peak forces are in good agreement with the measured values. The simulation results prove that the influence from the shell casing and the end-caps on the peak force can be omitted. However, the neglect of the shell casing, the end-caps and the inner hole influence the simulation results when the force is small. The real jellyroll is composed of five components in an assembly instead of a homogenized material. The neglect of the frictional slip between the foils and the gaps among the layers may also cause relative error, and the real jellyroll is anisotropic instead of isotropic. 
VI. CONCLUSION
SOC dependent mechanical behavior of Lithium-ion battery is extremely important in studying its crashworthiness at the working situation when the SOC value is over zero. This paper is focused on the SOC dependent mechanical behaviors of Lithium-ion battery cells. Several quasi-static compressive experiments on 18650 battery cells at various SOC values are performed to reveal the exact and quantitative relationships between mechanical behavior and SOC status. The SOC-dependent constitutive model of jellyroll is proposed through a hybrid analytical/experimental approach. The experiment results indicate that Lithium-ion battery cells exhibit mechanical hardening mechanisms with the increase in SOC values, the voltage increases slightly at first, the initial short circuit occurs simultaneously when the load reaches its peak value, and higher SOC cells can easily experience thermal runaway after the internal short circuit.
An explicit finite-element model for the Lithium-ion battery cells is established by HyperWorks/LS-DYNA to predict the SOC-dependent mechanical response. Additional indentation tests are performed on Lithium-ion battery cells at various SOC values to validate the results. Simulation results are in good agreement with the corresponding experiments at each loading scenario. This research may make a small step towards revealing the thermal runaway mechanism of Lithium-ion battery cells during mechanical abuse conditions, make it possible to carry out crash simulations of an entire battery pack at various operation conditions, and provide important information for the safe design and evaluation of single battery cells and battery packs.
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